The limitations imposed by Mie scattering and atmospheric-induced beam scintillations on a direct line-ofsight optical link were investigated at 632.8 nm. The experimental investigations were carried out in Kuwait during the summer season when the local climate is characterized by high daily temperatures and frequent dust storms. Beam attenuation and scintillation data coupled with climatological data indicated that an unacceptably high level of system outages would occur in local climatic conditions for atmospheric optical links longer than 3 km.
Introduction
Since 1965 a number of studiesl 2 have been carried out on line-of-sight optical communication systems. Results of these studies indicate that the limitations imposed by the atmosphere can be attributed primarily to scattering, absorption, and turbulence. Since these limiting processes depend on local climatic conditions, it is desirable, especially for relatively long direct lineof-sight atmospheric optical links, to conduct experimental studies aimed at determining the limitations imposed by the local atmospheric conditions on the general behavior and feasibility of such a link before entering a system design and construction phase. An investigation of this nature was carried out during a recent summer season in Kuwait, where the climate is characterized by hot days with prevalent sandstorms. The major results of the work are reported below.
Experimental System
The experimental system utilized for this study is shown schematically in Fig. 1 . A He-Ne laser (0.8 mW)
with a beam divergence of 1.5 mrad was used as an optical source. After transmission through the atmosphere at a height of 30 m above ground level, the central portion of the laser beam was intercepted and collected by a 100-mm diam reflecting telescope with a 900-mm focal length, followed by a narrowband transmission filter centered at 632.8 nm (6 nm BW). The laser transmitter and its immediate surroundings were imaged in the focal plane of the telescope. Two silicon PIN photodiodes operating in the back to back balance mode (Hewlett-Packard 4207) with sensitivities of 0.5 A/W were aligned along this plane such that the He-Ne laser beam, plus transmitter surrounding, was incident on one diode and the surroundings only on the second diode. This procedure is shown schematically in Fig.  2 . This technique was used to eliminate the effect of background illumination. With the filter in front of the telescope focal plane, total background power levels could be reduced to 30 nW at midday. This was almost one hundred times greater than the threshold set by the thermal noise of 250 pW. The system signal-to-noise ratio was dominated by thermal noise in the detector load resistor (22 kQ).
The outputs of the photodiodes were fed into a summing preamplifier followed by an amplifier with an adjustable gain. The output of this amplifier was either fed directly to a chart recorder or to a transient recorder for signal processing. The latter alternative was employed when scintillation effects were under investigation.
Processing consisted of transferring the digitized output from the transient recorders memory, through an interface, and into a computer. This input was converted into binary numbers representative of the receiver signal amplitudes. The computer was programmed to interrogate the binary representation of the scan from the transient recorder, and the amplitude of each sample (random amplitude because of scintillation) was categorized into one of twenty-five ranges. A frequency distribution of the sample amplitudes was then a representation of the frequency distribution of the laser beam intensity falling on the detector. Scin- tillation details with frequencies up to 200 Hz were thus easily observed using this system. The higher-frequency components in the scinillations were investigated by feeding the output of the detector amplifier directly to an oscilloscope.
Ill. Results
Three experimental links of 1, 3.5, and 8.5 km were studied. The number of system outages predicted by results for the shorter links (i.e., 1 and 3.5 km) was sufficiently small to enable successful utilization of a low-cost atmospheric optical communication system. Furthermore, the atmospheric scintillation effects were minimal for these ranges and did not introduce any noticeable limitations.
However, the frequent occurrence of poor visibility (<8 km), caused by dust storms and the presence of atmospheric turbulence, imposed severe restrictions on the system when applied to an 8.5-km link. Because of this, results pertaining to this link will be described in detail below.
A. Attenuation Measurements
Signal strength received over the 8.5-km link and reliable visibility range data based on visibility observation were measured from 1 Apr. to 30 June 1979. Using this data the relevant attenuation coefficients a were calculated as a function of visibility range V from Eqs. (1) and (2) Theoretical attenuation factors calculated from Eqs. (1) and (2) and the experimentally measured data are presented in Fig. 3 . The experimental data fit the theoretical curve fairly closely, indicating that MIE scattering was the major attenuation mechanism.
B. Scintillation Measurements
If a receiver with a small aperture is placed normal to a wave front, the laser beam will be swept tangentially across this aperture due to atmospheric fluctuations. As a consequence of this, 3 a time scan of the intensity falling on the aperture is a representation of the spatial intensity distribution across the wave front. Figure 4 (a) shows a typical unmodulated 8-sec scan irradiance scintillation pattern for midday in the months of May and June. Figure 4 (b) shows a typical scintillation pattern for the modulated signal at 1.2 kHz, highlighting the implications of the random scintillation noise superimposed on the modulated signal. It is clear that the scintillation depth of modulation is almost 100% at random intervals, causing missing pulses. Because of the limited capability of the data processing system and the limited time available, it was not possible to measure accurately missing pulse rates as a function of pulse modulation frequency. However, attempts were made to make semiquantitative estimates by using the following data: scintillation irradiance distributions; scintillation frequency distributions; the electronic circuitry threshold level, which was measured to be 16 mV for an amplifier gain of 5000.
Scintillation frequency distributions ranged from a fraction of a Hz up to -1 kHz, with the predominant frequencies in the 5-100-Hz region. These frequencies were established from scintillation signals captured in the recorder operating at full bandwidth (2 MHz) and also from a large number of oscilloscope traces. The bandwidth of the diode-amplifier system was measured to be 0.5 MHz.
Missing pulses were estimated as follows. In Fig. 4 (a) the threshold level (denoted by the upper solid line) was set to 16 mV. The percentage of the total time was recorded, during which the scintillation signal amplitude fell below this threshold. During this period it is reasonable to assume that the missing pulses would have occurred if the transmitted laser beam was pulsed. A set of typical results based on the procedure above is presented in Table I . In all cases the missing pulse rate was much higher than the 10--10-9 error rate required for reliable operation. Theoretical investigations 4 and experimental observations 3 of atmospheric-induced scintillations indicate that a wave front distorted by scintillations has a spatial intensity distribution that is lognormally distributed. It is customary to define the strength of scintillations in terms of the log-intensity variance o2, which is predicted to follow Eqs. (3) and (4) for plane wave and spherical wave propagation, respectively, 3 a2 = 1.23 C'K 7 /6R1/6 for lo < \'XR,
where K = 2 7r/X, Cn is a parameter related to the turbulence strength, and lo is the magnitude of the smallest-scale eddies involved in the scintillation mechanism. When analyzed carefully, the scintillation pattern shown in Fig. 4(a) To test for the lognormal distribution, the cumulative probability of the normalized variable (nI -(lnI))/o was plotted in Fig. 5 . A normal distribution lies on a straight line passing through the origin (the solid line). 5 Three sets of scintillation data corresponding to measurements taken at three different times of a typical day are plotted in Fig. 5 . The data fit a straight line fairly closely. The straight line is slightly displaced from the origin, which is caused by a small negative dc offset 
IV. Discussion and Conclusion
The results presented above emphasize the limitations imposed by Mie scattering and atmospheric-in- Aviation Service), 6 indicate that an unacceptable high level of system outages will occur for optical links longer than 3 km. A considerably more reliable system can be realized by utilizing a transmitter power of 1 W or more.
An LED or laser diode operating in the pulsed mode might be the best choice as a transmitter for such a communications link. The data reported here predict poor performance for the 8.5-km optical link. However, if the transmitted power is increased to 1 W, a drastic improvement will occur, since the magnitude of the dc component (i.e., unrandomized signal component) would increase by a factor of 1000. Techniques are also available for partially overcoming beam scintillation problems. 7 Unfortunately these techniques generally limit the data transmission rate, reduce the usable bandwidth, and increase system cost.
Our statistical analysis of the spatial irradiance distribution or scintillation indicated a lognormal distribution as predicted by theory. When the calculated variances are substituted into Eqs. (3) and (4), the calculated structure constants C indicate mediumstrength turbulence. We did not attempt to establish the effects of moving our propagation path closer to the ground. Results of other work 7 indicate drastic increases in the turbulence strength as the propagation path is taken closer to the ground.
Books continued from page 2214
In this book Sherman gives a perspective on research. He explains not only the development of what turned out to be a fruitful approach but also the false steps in other directions, the correct concepts that developed from erroneous work, and the progress made simply by freeing people from wrong assumptions. Particularly when describing the work of Maxwell, he shows how Maxwell was aware of the need for propitious timing to present new ideas or refute old ones.
Throughout the book he often quotes the primary sources but is careful to relate their terms to the accepted terminology of today. The reader gets a sense of what the researcher understood and his motivation rather than just a list of his accomplishments.
Two other aspects of this book should add to its attractiveness. This book is the outgrowth of a series of seminars presented by Chapman in 1978-79. No doubt due to this oral origin an informal and generally refreshing style is maintained throughout. The subject of the book, accurately reflected in its title, is glow discharge processes.
The emphasis is on those related to the semiconductor industry.
After two introductory chapters on gases and gas phase collisions Chapman presents an elementary discussion on concepts of plasma physics. These chapters would be understandable to a college sophomore, which may be a disappointment to a more advanced reader. Chapters on dc glow discharges and rf glow discharges follow.
These are more illuminating than the previous. Magnetic fields, essential to the study of most plasmas, are not covered in any detail until p. 270. They clearly should be discussed earlier in the book.
In addition I feel that Chapman could have introduced a broader range of references. For example, the literature in fusion physics and astrophysics is full of review articles of major utility to the designers and users of process plasmas.
The last two chapters deal with the plasma surface interactions of sputtering and etching. Again the collection of references is limited to those from the semiconductor industry. There have now been five international conferences (organized in the fusion community) on plasma surface interactions. Not a reference to any of the nearly 500 papers is in Chapman's book.
In general this book makes an excellent introduction to process plasmas. The organization is well planned. Each chapter gives the important results both in the introductory and concluding paragraphs.
The presentation of the complexity of plasma processing is correct and should stimulate many heated discussions and new experiments.
The prospective reader should take warning. This book is not a manual. It gives little explicit detail such as how to make a particular sputtering system or etch a particular set of samples, though answers to these questions may lie in the references.
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